Acetylcholine (ACh) release into the extracel lular space was measured by HPLC with electrochemical detection after in vivo intracerebral microdialysis in the striatum of gerbils subjected to 15 min of bilateral carotid artery occlusion followed by 5 h of recirculation. Tissue ACh and choline (Ch) contents were also determined dur ing ischemia and after 5, 30, 60, and 120 min of reflow. Fifteen minutes of ischemia led to a significant transient increase in extracellular ACh concentration (threefold af ter 7.5 min of ischemia) concomitant with a reduced en dogenous ACh level ( -62%) and increased tissue Ch con tent (ninefold). Recirculation significantly reduced the ACh release during the early period of reflow ( -50% vs.
It is generally accepted that both hypoxia and ischemia of the brain lead to disturbances in acetyl choline (ACh) metabolism, among other neuro transmitters (Gibson and Blass, 1976; Gibson et al., 1981; Ogawa et al., 1988; Chleide and Ishikawa, 1990; Scremin and lenden, 1991) . The recently de veloped technique of intracerebral microdialysis has advanced knowledge about the metabolic fate of various neurotransmitters. Although numerous studies have extensively evaluated the effects of ischemia on the release of catecholamines (dopa mine, norepinephrine, and their metabolites), sero tonin, excitatory amino acids (glutamate, aspar tate), and ,),-aminobutyrate (Globus et al., 1988 (Globus et al., , 1989 Phebus and Clemens, 1989; Ahn et al., 1991) , basal level), followed by a significant increase in ACh release between 1 and 3 h of reflow (45-55% vs. basal level) and subsequent normalization. Simultaneously, a "rebound" of tissue ACh level occurred in the early pe riod of reflow (fourfold vs. ischemic value), followed by gradual normalization after 2 h of reperfusion, whereas a rapid decrease in tissue Ch levels was found after 30 min of reflow. These findings represent the first demonstra tion of a biphasic release of ACh during ischemia and reperfusion, as assessed by intracerebral microdialysis in gerbils. Key Words: Acetylcholine-Cerebral Ischemia Choline-Microdialysis-Striatum.
data concerned with ischemically induced ACh re lease as assessed by in vivo microdialysis or cup techniques are few (Scremin and lenden, 1989; Kumagae and Matsui, 1991; Veno et al., 1991) . The early methodologic problems occurring during the monitoring of ACh release might be responsible for the limited reports available. Indeed, once ACh is released into the synaptic cleft, it is immediately hydrolyzed by acetylcholinesterase (AChE; EC 3.1.1.7), and that led to the use of specific inhibitors during dialysis. Analysis of ACh metabolism is also complicated by the fact that ACh precursors partic ipate in numerous other reactions. Furthermore, there is no distinctive ACh breakdown product that can be used as an index of ACh release, since choline (Ch) is both a precursor and a degradation product of ACh. To elucidate the effects of isch emia on ACh metabolism, using intracerebral mi crodialysis, we have investigated striatal ACh re lease in gerbils in response to transient forebrain ischemia induced by bilateral carotid artery occlu sion. This report clearly demonstrates a distinct bi phasic ACh release occurring primarily during isch-emia and subsequently appearing between the first and third hour of reflow.
MATERIALS AND METHODS

Animals
The experiments were performed on male Mongolian gerbils (3 months old, 60-80 g), purchased from Tumble brook Farm (West Brookfield, MA, U.S.A.). The animals were kept under a 12-h light/dark cycle with free access to food and water for at least 7 days prior to the experi ments.
Intracerebral microdialysis
The basic procedures for intracerebral microdialysis were adopted from those previously described (Dams rna et aI., 1987a,b; de Boer et aI., 1990; Westerink et aI., 1990) . The gerbils were anesthetized with a gas mixture of halothane (1.5%) and NOzf02 (2: 1) under spontaneous ventilation. After catheterization of the left femoral artery (polyethylene catheter PE-lO; Intramedic), allowing a continuous monitoring of the arterial pressure [Universal Harvard Oscillograph (Kent, U.K.) and blood pressure transducer], the animals were placed on a stereotaxic ap paratus (David Kopf, Tujunga, CA, U.S.A.). Following exposure and small opening of the skull, the dialysis probe (400-f.Lm ID, 500-f.Lm OD, 2-mm length; CMA/lO, Carnegie Medecin) was implanted into the striatum (ven tral 3.8 mm, anterior 0.8 mm, and lateral 2.8 mm to the bregma) according to the stereotaxic atlas of Loskota et al. (1974) . A modified Ringer solution (145 mM NaCI, 2.7 mM KCI, 1.2 mM CaCI2, 1.0 mM MgCI2, pH 7.4) con taining 5 f.LM neostigmine (AChE inhibitor) was perfused through the probe by a microinjection pump (CMA/I00) operated at a 2-f.LlImin flow rate. Following a 2-h stabili zation period, transient bilateral carotid artery occlusion was induced for 15 min by pulling a suture looped around each common carotid artery with the use of a 10-g weight. Fractions of dialysate were collected into microcentrifuge tubes (kept on ice) at 15-min intervals during the 2 h prior to and 5 h after ischemia, with the exception of a 7.5-min interval during the 15 min of ischemia. The collected di alysates were immediately frozen and kept at -70°C until HPLC analysis for ACh. After termination of each exper iment, the anesthetized animal was decapitated and the designated position of the probe in the striatum was checked by examining the tissue under a dissecting mi croscope. During the entire experimental period, head (temporal muscle) and rectal temperature were continu ously monitored, maintained, and controlled with a ther mostatically regulated heating lamp (model 73; Yellow Spring Instrument Co.). The severity of the ischemic in sult was determined by measuring CBF by laser-Doppler flowmetry (LaserFlo model BPM 403A; TSI, St. Paul, MN, U.S.A.) with a probe placed on the skull contralat eral to the dialysate probe. Ch was not determined in the extracellular space. Since the Ch peak was not well sep arated from the solvent front due to the artificial CSF used for perfusion, the estimation of Ch peak height would have been approximate and, therefore, inaccurate. Nevertheless, a tremendous increase in extracellular Ch concentrations was observed during ischemia, followed by a gradual decrease during recirculation.
J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 Tissue ACh and Ch levels Separate groups of animals were used for the determi nation of tissue ACh and Ch levels. The common carotid arteries were exposed and looped with a surgical suture under halothane anesthesia 2 h before clamping both ar teries for 15 min alone or with recirculation of 5, 30, 60, and 120 min. The gerbils were killed by irradiation in a focused 1.25-kW (2,450-MHz) microwave oven (General Medical Engineering Corp., Peabody, MA, U.S.A.) for 2.5 s. The striatum was rapidly dissected from the brain and stored at -70°C until assayed.
ACh/Ch analytical procedure
ACh and Ch contents in the tissue extracts, as well as in the dialysates, were determined by HPLC with elec trochemical detection as previously described (Beley et aI., 1987) . In the case of ACh/Ch determination in the tissue extracts, the chromatographic analysis was pre ceded by a purification step, whereas ACh analysis in the dialysates was direct. Briefly, the tissue samples were homogenized in 0.05 N formic acid/acetone (15:85, voll vol containing the internal standard ethylhomocholine. Acetone was removed with heptane/chloroform (8: 1, voll vol), and the formic acid extracts were purified by tetra phenylboron exchange of the amines in 3-heptanone, fol lowed by 0. 1 N HCI extraction. The hydrochloride ex tracts were dried under vacuum and dissolved in the mobile phase before analysis (Beley et aI., 1987) . HPLC analysis was performed on a C 1 s-Spherisorb ODS2 re verse-phase column (3-f.Lm pore size, 7-mm ID, 10 cm long). The mobile phase consisted of 0.05 M KH2P0 4 (pH 7.0) containing 600 mg/L of tetramethylammonium chlo ride and 150 mg/L of sodium heptane sulfonic acid. The flow rate was 1 ml/min (Isochrome LC pump; Spectra Physics). ACh and Ch were converted into betaine in a postcolumn reactor with covalently bonded AChE and choline oxidase (EC 1.1.3. 1 7); the resulting hydrogen per oxide was detected electrochemically using an electro chemical detector (Coulochem II; ESA) with a platinum working electrode at +0.3 V versus an Ag/AgCI electrode. The chromatograms were monitored on a computing in tegrator (SP 4400; Spectra-Physics) and a dual-pen chart recorder (BD 41; Kipp and Zonen).
Data expression and statistical analysis
ACh recovery was assessed in vitro by calibrating each probe prior to initial use and after each experiment. The probe was immersed in a Ringer solution containing lo pmolllO f.LI of ACh and perfused under the same condi tions as those of the in vivo experiments. The values of extracellular ACh concentrations were calculated accord ing to the estimated probe recovery (14.5 ± 0.9%).
Data are expressed as means ± SD. The microdialysis data were assessed by repeated-measures analysis of variance followed by a paired t test (Solo Statistical Sys tem, version 2.0; BMDP Statistical Software, Los Ange les, CA, U.S.A.). Statistical analysis of tissue Ch and ACh was performed using a Fisher protected least signif icant difference test after a one-way analysis of variance.
Choline acetyltransferase activity
Choline acetyltransferase (ChAT) activity was deter mined as described previously by Fonnum (1975) . Tissue was homogenized in a Tris buffer (1 mM, pH 6.0) con-taining 0.5% Triton X-1 00. Samples (200 fl.l) were then incubated (37°C, 10 min) in a medium (10 fl.l) containing [ 14 Clacetyl-CoA (5 mCi/mmol) diluted with unlabeled acetyl-CoA (9 mM, 25 vol), ethylenediaminetetraacetate (0.2 M, 10 vol), choline chloride (0.2 M, 10 vol), physo stigmine sulfate (2 mM, 10 vol), NaCI (3 M, 20 vol), Na + phosphate buffer (pH 7.4, 0.5 M, 20 vol), and distilled water (5 vol). The reaction was terminated by addition of 200 fl.l of 3-heptanone containing 10 mg/ml of sodium te traphenylboron, allowing the extraction of P 4 C1ACh but not that of [ 14 Clacetyl-CoA. The radioactivity in the top organic phase (100 fl.l) was determined by liquid scintil lation spectrometry. The data are expressed in disintegra tions per minute per milligram protein.
AChE activity
The assays were performed on the same homogenates as those used to determine ChAT activity. The method consisted of measuring the rate of production of thio choline since acetylthiocholine is hydrolyzed by AChE (Ellman et aI., 1961) , assessed by a continuous reaction of the thiol with 5:5'-dithiobis-2-nitrobenzoate ion, which produces a yellow anion of dithiobisnitrobenzoic acid. The rate of color production was evaluated at 405 nm with a spectrophotometer (Ultrospec Plus; LKB). Briefly, 20fl.l aliquots of the tissue homogenate and 100 fl.l of 0.0 1 M dithiobisnitrobenzoic acid were added to a cuvette con taining 2,870 fl.l of 9 mM Tris buffer (pH 7.0). After the absorbance was set to zero, 10 fl.l of acetylthiocholine (0.075 M) was added to the cuvette. The reaction was recorded for 10 min. The data are expressed in nanomoles per minute per milligram protein.
RESULTS
Physiologic variables
Induction of bilateral carotid artery occlusion led to an almost complete cessation of CBF as mea sured by laser-Doppler flowmetry [2.1 ± 2.9% of control (100%) after 15 min of ischemia]. Recircu lation resulted in an initial recovery of CBF (85.3 ± 31.0% of control after 5 min of reflow), followed by a postischemic hypoperfusion (22.7 ± 11.3% of con trol after 30 min of reflow) that persisted during the entire period of observation.
A characteristic rise of systemic blood pressure was observed during ischemia (81.3 ± 8.3 mm Hg before ischemia vs. 112.7 ± 6.5 mm Hg after 15 min of ischemia). Blood pressure returned to preis chemic values immediately after the onset of recir culation.
Extracellular ACh concentration
Striatal extracellular ACh levels in the sham operated gerbils were stable for 4 h, and the average value was 3.22 ± 0.29 pmolll0 I-Ll (Fig. 1, inset) . Ischemia increased extracellular ACh content, which reached its maximum 7.5 min after the onset of ischemia (threefold), whereas a longer period of ischemia was associated with a reduction of ACh release (Fig. 1) . After 15 min of ischemia, extracel lular ACh concentration was not significantly dif ferent from the preischemic value. During the first 15 min of reperfusion, a significant reduction of ACh release ( -50% vs. basal level) was observed, followed by a significant transient increase in ACh release after 1-3 h of reflow (+45 to +55%). The last 2 h of recirculation showed a slow normaliza tion of the extracellular ACh concentration.
Tissue ACh and Ch levels
A significant decrease in tissue ACh content (-62%), concomitant with a tremendous increase in tissue Ch level (ninefold) was observed after 15 min of ischemia (Fig. 2) . The first 5 min of reflow led to a rebound of endogenous ACh level ( + 390% vs. ischemic value) without a substantial decrease in tissue Ch level. Tissue ACh content remained significantly increased up to 1 h of reflow ( + 54 and + 45% after 30 min and 1 h of reflow, respectively) and normalized thereafter. In contrast, a rapid res toration of Ch level was simultaneously observed. Although tissue Ch content was sevenfold above the control value after 5 min of reflow, there was a 74% decrease (vs. ischemic value) after 30 min of recirculation.
ChAT and AChE activities
ChAT and AChE activities assessed after 5, 15, and 60 min of recirculation following 15 min of isch emia showed no significant difference between con trol levels and ischemia with or without reflow (Ta ble 1).
DISCUSSION
Bilateral common carotid artery occlusion in ger bils (Meriones unguiculatus) has been used widely as a model for induction of forebrain ischemia since 1980 (larrot and Domer, 1980; Ginsberg and Busto, 1989; Araki et aI., 1990) . In particular, several stud ies have utilized this method to induce cerebral ischemia for 15 min alone or with reperfusion to investigate pathomechanisms, pharmacopreven tion, and therapy (Abe et aI., 1980; Mrsulja et aI., 1980 Mrsulja et aI., , 1989 Bertrand et aI., 1992) .
In the present work, the transient ischemic in crease in ACh release with an early postischemic reduction and subsequent secondary augmented ACh output demonstrated for the first time, a bi phasic ACh release caused by ischemia alone and with reperfusion. Recently, Ueno et aI. (1991) have shown a transient and moderate elevation of striatal extracellular ACh concentration (+ 135% of con trol) during the first 20 min of bilateral carotid ar tery occlusion in gerbils, followed by a gradual de crease to 15% of the control after 120 min of isch emia. These authors did not study the changes in extracellular ACh concentration following reperfu sion. Their findings observed during ischemia can be compared with ours, even though their initial increase in extracellular ACh concentration was much lower, probably due to a longer interval be tween sampling of the dialysates (each 20 min). On the other hand, Kumagae and Matsui (1991) , using the four-vessel occlusion model in rat hippocam pus, reported a marked increase in extracellular ACh concentration, which reached a peak of � 13.5 times above baseline levels at 5-10 min after the onset of ischemia. Although a substantial reduction was observed, longer ischemia (up to 60 min) led to a sustained ACh output (about four times the base line levels). Using a model of focal ischemia in the rat, Scremin and Jenden (1989) represents the mean ± SO for experimental groups of 8-10 gerbils. The animals were subjected to 15 min of bilateral carotid artery occlusion with or without blood recirculation (5, 30, 60, and 120 min). *p < 0.01, significant difference from the respective control group using a Fisher protected least significant difference test after a one-way analysis of variance. Each value represents the mean ± SD. n indicates number of animals.
The gerbils were subjected to 15 min of ischemia with or without various times of reperfusion (Rep.) accepted that synaptic vesicles are the storage sites of ACh in the nerve terminals and that the size of the quantal ACh released is determined by the size and storage capacity of these vesicles (Whittaker, 1985) . It has also been suggested that there are at least two distinguishable pools of ACh, one of which is readily available for release, while the other is thought to be a reserve pool (Barker et aI., 1972; Jope, 1979) . The amount of ACh that can be released immediately is limited by the rate of mo bilization of ACh from the reserve into the readily available pool. Therefore, the observed transient release of ACh during ischemia suggests that in the gerbil striatum, the size of the readily available pool is rather small, contributing to a rapid exhaustion of the ACh stores during the first minutes of ischemia.
Maintenance of ACh levels in the brain results from an equilibrium between the rate of synthesis and the rate of release with subsequent enzymatic breakdown (Haubrich and Chippendale, 1977; Tucek, 1984) . Decreased tissue ACh level observed during ischemia is probably caused by both a re lease of ACh into the extracellular space followed by enzymatic hydrolysis (as shown by microdialysis data) and a cessation of synthesis. Even though the amount of Ch is markedly elevated during ischemia, the availability of Ch is reduced because of the in hibition of energy-dependent Ch uptake due to en ergy depletion (Simon et aI., 1976) . Likewise, a re duction in the supply of acetyl-CoA, the other pre cursor for ACh, was also described during ischemia (Ricny and Tucek, 1980) . The reduced availability of both Ch and acetyl-CoA accounts for impaired ACh synthesis. On the other hand, the increase in tissue Ch level observed in our study cannot be attributed only to ACh hydrolysis, because the amount of Ch accumulated during ischemia far ex ceeds the amount of ACh released and hydrolyzed by AChE. Since Ch is also a component of mem brane phospholipids, stimulation of the phospholi-pases in response to ischemia (Zeisel, 1985) repre sents an important source of Ch by attacking mem brane phospholipids. Although a major role of membrane degradation has been attributed to phos pholipase A 2 (Edgar and Freysz, 1982) , recent stud ies have revealed that enhanced Ch concentration may also be explained by stimulation of phospholi pase D (Qian and Drewes, 1989; Djuricic et aI., 1991) . Thus, ACh released into the synaptic cleft during ischemia may activate muscarinic receptors and consequently enhance phospholipase D activ ity.
Our data show a rebound of tissue ACh content to levels higher than those of the controls, concom itant with reduced extracellular ACh concentration after a short time of reperfusion. However, the low magnitude of the decrease in ACh release cannot explain such an increase in tissue ACh level. These findings may be the result of stimulated ACh syn thesis occurring as soon as blood circulation is re stored. The enhanced Ch level observed after 5 min of reperfusion, associated with a rapid resupply of acetyl-CoA, may potentially stimulate ACh synthe sis. Indeed, it has been reported that Ch adminis tration elevates ACh (Cohen and Wurtman, 1975; Haubrich et aI., 1975) as well as enhances ACh syn thesis, at least under conditions of increased ACh release (Trommer et aI., 1982; Wecker et aI., 1989) . Likewise, Dolezal and Tucek (1982) have shown that glucose, a precursor of acetyl-CoA, can also stimulate ACh synthesis during early reperfusion as a result of a precursor-overloading effect.
The observed transient but significant increase in extracellular ACh concentration between the first and third hour of reflow occurs during hypoperfu sion, which may lead to secondary postischemic hypoxia as a potentially damaging consequence of transient ischemia (Levy et aI., 1979) . Additionally, a decrease or an increase of ACh release into the extracellular space was reported after hypoxia of �20 min (Iijima et aI., 1989 ) and 1 h (Chleide and Ishikawa, 1990) . The postischemic increase in ACh output observed in this study contradicts that re ported by Kumagae and Matsui (1991) , who showed a significant gradual reduction in extracellular ACh concentration during recirculation. The phospholi pases activated by calcium influx during ischemia, known to directly injure cell membranes (Kaplan et aI., 1987) , may also impair intracellular ACh storage vesicles, thereby causing a slow leakage of the re maining stored and/or newly synthesized ACh. In addition to the vesicular pool of ACh, a cytoplasmic pool of ACh is released directly from the nerve ter minal, but in a nonquantal manner and at a rate that is not enhanced by stimulation (Vizi and Vyskocil, 1979) . We can assume that the membrane damage persisting during the reperfusion can induce leakage of cytoplasmic ACh into the synaptic cleft. Finally, the recovery of intracellular calcium concentration following reflow is thought to depend upon the in tegrity of the plasma membrane and mitochondria (Uematsu et al., 1988) . In the event of irreversibly damaged or delayed neuronal recovery, a further influx of calcium into the neurons can be expected during the recirculation, which may trigger a release of ACh. In any case, based on the results of this study, we cannot definitely ascertain whether the extracellular increase in ACh concentration during reperfusion was due to either release or leakage or both (release and leakage) since the same experi ments were not performed in the absence of Ca 2 + in order to differentiate between these processes. Moreover, the role of the excessively released ACh during ischemia and reperfusion remains obscure. Olney et al. (1983) previously reported that cholin ergic agonists and AChE inhibitors can reproduce seizure-induced brain damage and that a cholinergic mechanism may be involved in the pathophysiology of brain damage associated with human epilepsy. It remains to be clarified whether there is a similar mechanism for ischemically induced brain injury. On the other hand, Mayhan et al. (1988) have shown an impaired vasodilation in response to ACh after ischemia. It is therefore possible that the is chern i cally altered ACh metabolism could influence mi crovascular endothelial and/or smooth muscle cell factors responsible for maintaining vascular tone and, in this way, contribute to the pathogenesis of hypoperfusion following ischemia and reperfusion.
